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SECTION 1.

Scope of Work

Develop one wdrking model of an encoder systém utilizing electron

beams derived from a cold source. The primary goal of this task was to

.develop a system which consumes a minimum of power.

1.  Encoder Specificétions:

Type:

Cyclic binary

“Resolution 213

Interrogation: Electron Beam (in lieu of normal light-optics)

2. Other research and development considerations to accompliéh

primary objectives:

a.

b.

c.

d.

Methods of increasing scan rate.

Develop an electron emission from metal junctions.

Techniques for regulating and controlling electron emissions.
Possibility of extending this encoding technique to resolutions
greater than 212,

Detection of electrons by reflection or transmission through
encoder disc.

Electron multipliers as transmitters and detectors.

Reliability of the electron beam encoding with a cold source.

-



SECTION 2
Assessment of Work

A breadboarded 2'? encoder system ut111z1qg a cold source of electrons
and designed with the best efforts of the investigators to adhere to thé
goal of minim&m power consumption was developed. However, as reported
earlier, sustained operg}ion of a cold source in the developed system
‘was not achieved. Emission levels of the cold electron sources were
-increased approximately one order of magnitudé during the course of the
development effort. Operational lifetime tests of the'improved electron
sources were conducted and source lifetimes in excess of 500 hours were
achieved. However, placement of identical sources in the édnfines of the
electron optics assembly resulted in early failure.

Preliminary system calibrations and tests were performed utilizing a
thermionic (hot) source of electrons in the electron gun. Operating in
this manner, all essential system functions were performed. These
. included:

a) electron beam focusing to a spot size comparable to one bit of

213 code, .

b) electrostatically def]ecting the beam radially across the code track
array,

" ¢) demonstrating that fhe electron beam could resolve the minimum radial
dimension of the code pattern during beam sweep,

d) sensing the current induced in the chromium code disc. (Initial]y,

a very high binary "zero" current level was encountered. Secondary

electron emission was—later identified as the cause of this prdeem.
N ,



‘An appropriately voltage-biased plate placed near the code pattern"

collected the secondary electrons and a good ratio of binary one

to binary zero current level was then obt§1ned.),

e) amplifying the Tow-level currént with a low-power amplifier.to a
high-levél voltage having a good signal;to-noise characteristics,

f) using the preamplii;er putput signal to actfvate programming one-
shots, sample-and-hold circuits, and deﬁision-making~cfrcuits neces-

" sary to the digitization process, |

9) converting the digitized serial cyclic binary code word to a parallel
word,

h) displaying the parallel code word with a bank of 13 1ight sources.

In addition to the above described achievements, the feasibility of
the developed system concepts was further demonstrated momentarily while
using a cold source of electrons. Photograph #1 depicts the preamplifier
output obtained while using a cold source of electrons. Critical foédsing
had not been attempted when this.photo was taken but timing pulses are
clearly distinguishable from code pulses. Signal-to-noise characteristics
indicate a potentially usable signal. The peak amﬁ1itude of the signal-
obtained with a cold source was approximately one-tenth that achieved
while using a hot source.

The primary goal of the contract effort was to deve]op'én encoder
system which consumes a minimum of power. This criterion was one of the
prihe factors in the selection of a serial mode of interrogation. At
the present state of the art, the single source of electrons and beam
sweeping circuit required for a serial readout system consumes substan-

tially less power thaﬁ\the 13 sources required by a parallel system.



As indicated elsewhere, other factors contributing to this choice were
a) better reliability probabilities due to fewer components were possible
with a serial mode, and b) sources matched in emission 1evei, or at least
individually adjustable, would have been required if a parallel mode had
been selected. | .
Minimizing the powep of the electron source was apbroached by attempt-.
ingto improve its efficiency. Changes in source geometry and‘processing ‘
techniques resulted in approximately X10 improvement in signal obtained
at the preamplifier output for the same source power input. Total electron
emission was increased well in excess of time 10, but the higher emission
was accomplished in part by increasing the total emission angle, i.e.,
the emission was. less collimated.
Lower power consumption in the electronics system was achieved by
the use of:
a) low-power operational amplifier pA735,
-b)  specially-designed low-standby power one-shots in logical program-
ming and timing functions,
c). cos-mos integrated circuit logic for seria]-in,'paraIIel-out shift
registers and parallel-output storage registers.
Given below is a tabulation of power consumed by various portions of
" the encoder system. These figures are bésed on system operation ddring
continuous se]f;interrogation at the rate of 500 times per second. It
should be noted that the electron source can be rapidly switched on and .
off. Therefore, for appfications requiring ipfrequent interrogation upon

. command, the source—and-sweéﬁ"circuit could be switched on prior to each
~ ; .



interrogation cycle. Also note that if serial code output were desired,

the power indicated in Items 3 and 4 would be eliminated.

Power Apportionments

* System Element . Power
1. Preamplifiers (two) 8 milliwatts .
2. Programming logic dhd circuits through serial
output 1.4 milliwatts
3. Interrogation Oscillator (Clock) 1.6 milliwatts

4, | Serial-to-Parallel Register & Output Storage .65 milliwatts
5.  Sweep Circuit | " 13.0 milliwatts
6. Electron Source Bias 300.0 milliwatts
7. Electron Gun Bias 30.0 mii1iwatts



Scan Rate

Pdtentia]ly faster scan rates were initially attained by the design
choice to use the metalized code wheel as an electron detector in lieu of .
multiple channel.multipliers. Time response delays due to such electron
detectors were thus eliminated by eliminating the detectors.

Secondly, electron cggrent sensed at disc was amplified in a current-
to-voltage amplifier rather than by a more conventional electrometer-type
amplifier having high input impedance. |

A high-gain operational amplifier with negative feedback exhibits a
"virtual ground" characteristic at its inverting input terminal. By
providing a conductive path from the metalized code disc, through s]ip'rings-
to the inverting input of sﬁch an amplifier, stray capacitance associated
with the disc tends to be "shorted out” by'the amplifier input, i.e., the
system time constant is greatly reduced.

The output voltage of the amplifier is approximately given by:

‘Vour = RFlp
Rp is the feedback registor and Ip is the current sensed at the disc.
The time response of the system (T) is approximately given by

RFCS
K+1

T =

Cg is the stray capacitance and K is the open-loop gain of the amplifier.

This equation assumes that the amplifier itself is not a frequency-limiting

factor.

J———
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In general, a low-power system tends to be slow.

Based on the desire to achieve a) low-standby power consumpfion,
b) fast-slewing rate, c¢) high open loop gain, 4) low noise, the Féirchi]d_'
uA735 operatipnal amplifier was selected for use as the current-to-
voltage preamplifier.

Scan rate was alsogfound to be a function of code pattern geometry.
In general, for a given number of code rings and timing ringg, the optimum
scan rate occurs when the minimum radial dimension among all of the radial -
elements is a maximum.

In terms of signal produced, this means simply that time response
requirements are minimized when the minimum pulse width of all possible
pulses occurring is a maximum.

This indicates a) the desirability of making each radial element of
the pattern have the same dimension, and b) the desirability of a large
track array (the dimension from thg inner edge of the inner track to‘the
outer edge of the outer track). However, a large track array requires |

a large electron beam traverse.



Electron Emission

Improved electron emission levels were achieved during the develop-
ment effort. A discussion of this work is contained in the attached .

report written by the Graduate Institute of Techn‘tﬂogy.iu-‘~~

Requlating and Controlling Electron Emission’

The primary purpose of regulating electron emission in the encoder
system is to achieve a signal which can be reliably digitized into
discrete binary one or zero levels. Most forms of supply regulatfon
waste power. Therefore, the design approach followed was to seek a
system which could function reliably in the presence of supply variations
and beam sweep rate variations. A code pattern was conceived which has
clear (non-metallic) rings interlaced with the code track rings. and which
provides a conductive path from any portion of the code pattern to a
contact point or any inner radius. |

Timing rings provided the means of activating circuits which could
a) provide time location identification of each code ring pulse, and b)
sample the current level of a binary one condition immediately prior to
sampling the current level of each code ring. If the code ring current

sample exceeded one-half of the reference-level current sample, a binary-
hone state was identified by the circuit. If it were less, a binary zero-
was identified. One-shot pulse widths and beam sweep excursion tolerénces

- were greatly relaxed by this approach.



Resolutions Greater than 212

Theoretical resolution limits are directly relatéd to wavelength

in both optical systems and é1ectron-opt1ca1 systems. Due to the<extreme1y,

short effective yave]engths.obtainabIe with electron-beam readout systems,
all indications are that resolutions far beyond those‘obtained'by optical
techniques are therefore egssib]e, (e.g. greater than 2'?),

However, adequate electron emission can be a much more restrictive
limitation than the theoretical resolution 1imi£. An eleétron optics
system which can focus an electron beam to a very small size is also one
which presents a very small entrance angle to electrons leaving the source,
i.e., small beam or spot size indicates small signal size. One means of
increasing emission would be to increase the power input. This approach
is limited by heat dissipation capabilities but a switched source method
would permit greater peak input power with less heating. 'Indirectly this
would extend resolution limits. By similar reasoning, improvements in :k
~electron source efficiency through thé use of other materials or other
source geometries would permit the use of electron systems capable of

focusing to a smaller spot size.

¢



‘ Détection of Electrons by Reflection or Transmission through Encoder Disc

Transmission mode readout utilizing techniqueé available to the

+ {nvestigators would have Timited the 1nvest1ga§1on to a system having
less than 213_re§01ution. For this reason and because a perforated disc
would have had to be very thin, other alternatives were pursued. Reflec-.
tion mode readout whichﬂgonsisted of collecting electrons reflected from B
a ground code pattern was attempted during early experimental work with

’, .

moderate success.

Electron Multipliers
As previously indicated, electron multipliers were not utilized.
Power reduction, faster scan rate and better reliability were factors .

in this selection.

Reliability of Electron Beam Encoding

At present the weak Tink in overall system reliability is the-
electron source. Since source failures occurred in the electron optics
gun but notin life-test stations, it seems reasonable to speculate that
this type of failure could ultimately be eliminated. According to the -
Graduate Institute, the mechanism of electron emission does not appear
to be one in which the source is used up.

Emission levels attained during this effort appear to be usable
for encoder syétems in the 2'? class. Higher emission levels would

perhaps be necessary for a 2'% system in a noisy environment.



Secondary electrons produced by the chromium were collected by a

slotted metal plate placed near the code disc. Operation in the manner - . .

ey

ylelded very satisfactory results over the short span of this effort.
However,'changes in secondary emission ch;racteristics might occﬁr

over long per%ods.of time. If so, system operation might deferiorate.‘
Electron beams areageercted by magnetic fields (e.g., the earth

field). For mobile systems, magnetic shielding would be neéessary to

~ avoid "zero shift" angular error.



 SECTION 3

System Description

Drawing C906-854 specifies the final form.of the code disc pattern. P
This pattern js formed by selectively etching the .07 mi&ron chromium 3
coating depos}ted on a flat glass plate. Enclosed areas of the pattern
are bare g1§ss; backgrqud areas are chromium. The 13 Gray tragk; com-
prise the cyclic code which uniquely identifies 2!® (8192) angular

positions. Associated with each code track is a pair of timing ring

‘tracks. Note that the timing rings overlap buf do not touch. This

aspect of the pattern permits the entire chromium pattern to be conduc-.

tively connected, i.e., there is a conductive path from any portion of

| the pattern to any other'portion.

A copper ring (CX-450) positioned under the disc clamp (B905-4708)
{s used to provide electrical contact with the innermost radius of the
code pattern. The copper ring 1s connected through a slip-ring asseMBly
to the external circuitry.

One source of electrons is used per system. Electrons emitted by
the source are electrostatically focused to a small spot (=.0q1") in

the plane of the code pattern. A sawtooth-shaped voltage wave applied

‘to deflection plates sweeps the focused spot of electrons from an inner

radius position to an outer radius position. When the focused electron
beam impinges bpon a chromium portion of the code pattern, secondary

electrons are emitted by the pattern and collected by a slotted elecrode
plate positioned near the disc. The net flow of electrons out of the

code pattern to the plate electrode is exhibited as conventional (+)

™,
SN



curreént flow into the external electronics.

As the electron beam proceeds on its traverse from inner to outer
~radius, it first encounters either timing ring.Al or timing ring B,.
in either case, the motion of the beam from the conductive_backgfound |
area of the pattern to the bare glass area of the timing riﬁg produces
a negative (-) going chggge in current sensed by the circuitry. After
amplification this step change initiates two basic actions. The first
is the activation of timing one shots which cbntro] the subsequént
sampfing of amplifier output voltage during the time the electron beam.
impinges the chromium background area (reference zone) located between
timing rings A, or B, and the first Gray-code track. The storage of
. this voltage level in a éamp]e-and-ho1d circuit provides a measure of
electron emission level. The second action is the activation of one
shots which control the comparison of amplifier output with one-half
-of the previously sampled reference zone level.

If the voltage produced by the electron beam in cressing a code
track is greater than one-half of the "stored" voltage reference level,‘
a binary-one condition exists. If this voltage is less than the refer-:
ence level, a binary-zero condition exists. A differential comparator
‘amplifier is used to make these binary-level decisions. The’output of

the comparator is therefore a serial code.



Circuit Description

A free-running clock circuit consisting of Q, and Q. (see X-493) in

a multivibrator circuit provides the basic timing for the entire circuit.
Referring to the:timing diagram, Figure 1, the clock period is approximateTy
2 ms. The clock drives a reset one-shot consisting of Q,, Q,, Qo and Q,;.
'This one-shot provides a nafrow (approximately 10 usec) pulse which resets
the storage aﬁd shift flip-flops before any operation. This one-shot also |
resets the sweep saw-tooth. The sweep is generated by Q,,, Q,, and [

It basically is a resettable constant current generator driving a capacitor.
A typical saw-tooth sweep is shown in Photograph P-2 and P-3 where code |
timing and reference levels are shown also. Note that the LSB occurs at
the far right-hand side of the photographs. As previously discussed, one
or two timing pulses may occur from the disc scan process. These timing
pulses after amplification are fed to a squaring circuit (Qau, Qsss Qg
see output in P-4), then to a code sample "A" one-shot. The trailing edge
of "A" triggers the "A1" one-shot which in turn samples the code level ‘
via Q;7, a series FET switch. The "A2" one-shot (trigggred also by "A") is
used to shift digitized data in the serial-to-parallel shift register ‘
(T, through Tla).' The reference level is sampled in like fashion on one-
'shots "B" and "B1" (see Figure 1).
The sampTing.of analog reference levels are obtained by another
- series FET switch Q4. A differential comparator operational amplifier then
compares one-half of the.reference Tevel with the code ieve]. A 1eve1'
greater than this level is a_Eipary one while one less is a binary zero.

The data is thus digitizeg;as,shown in Photograph P-5. These are



sgquentiafly shifted into T, through T;s;. Parallel outputs are obtained

when a preset reference ONE, initially introduced into Ty, is shifted intof'w 3:¢

Tis. The binary outputs are available on lines 1 through']S and drive a . -

lamp display for the users convenience.

The one-shots used in this circuit deserve some mention, since they | ,;'fffv'

must conserve bbwer and muéE be of relatively fast rise and fall times.
Normally these two factors are incompatible; herg however, special design
makes both possible. The transistors selected are of a complimentary
NPN-PNP.pair and are so arranged that only one (in a collector Teg) is on
at a time. Thus in DX-403, Q, and Q,, are normally on while Q,, and Q;
are off, for instance. One-shot firing reverses on-off order and the out~
put terminal is thus connected to either -10 volts or ground --- either case :
of which is very low driving impedance. This feature allows charging any-
associated capacitance quickly with 1ittle power. The only steady power.
~ drawn is in the base biasjng resistors. This power is ﬁinimized by large

value resistors.
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